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Abstract

Cathode erosion is one of the life limiting mechanisms for several classes of electric tlnwstcrso
Since catllodc  erosion is strongly dcpcndcnt  on tl~c catllodc tcmpcraturc,  a qmntitativc m-
ckmtanding  of tl~c effects of catl~odc operation on the cathode tcmpcrat~lrc  is required. Con~-
parisons  bctwccn  a newly dcvclopcd  two-dimensional and a previous quasi-two- dimcmional
model show cxccllcnt agrccmcnt. A radial pressure gradient is present across tllc  tip of tl~c
cnt hodc  due to magnetic “pumping>’. This incrcascd  pressure can significantly affect both the
maguitudc  and the radial distribution of the tip tcmpcraturc  profiks.  Without tllc  pressure
effect tl)c radial tempcwature  profllcs  remain relatively flat and arc only sligl~tly  clcpcndcnt  on
the c{lrrcmt  level. A comparison bctwcrm  tlm cl~lasi-two-dil~~  cl~siollal  model  and cxpcrimcntal
data show cxccllcnt  agrmmcnt for low current lCVCIS and only fair agrccmcnt at l~igllcr current
ICvels!

Introduction

One of the major issues for the use of electric propulsion thrusters is lifetime. Missions analyses esti-
mate that for electric propulsion to be a viable option, thruster lifetimes must be of the orcler of 1000 to
15,000 hours, Cathode erosion, one of the primary life-limiting mechanisms, has been shown to depend
strongly on the cathode temperature [I]. Therefore, part of this study is intended to provide a simple means
of predicting the cathode temperature for various thruster operating conditions. in addition, the thermal
characteristics of the electrodes must be known to compute the overall thruster thermal loads to the space-
craft. This model also provides the appropriate boundary conditions at the cathode surface for models of
the operating characteristics of the thruster. For example, the current contours within the n~agnetoplasma-
dynamic (MI’D) thruster cannot be specified indcpendcnt]y  of the cathode temperature clistribution  because
the majority of the current is from t,hermionic emission. Since the cathode model boundary conditions also
depend on the characteristics of the main plasma, the two models must be ultimately coupled to obtain an
overall model of the cathode region of the thruster.

Several different approaches have been taken  in the past to characterize the nature of the hot-cathode
arc physics [2,3,4,5] while others have focussed on tile thermal model alone [6,7,8]. l’ast  works have focussed
primarily on one or the other of these models, but some combined models nave been preaentcd  [9,10,1 1,1 2].
‘1’hat is, the plasma model provides the heat, loads (boundary conditions) for the thcrma]  model, and the
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ihcmna]model  provides the surface temperature which strongly affects the plasma near the cathode through
thcrmionic  emission.

‘J’he thermal characteristics of cathodes in high-current gas discharges arc being investigated in a dcd-
ica.tcd cathode test facility at the Jet Propulsion I,aboratory  (J PI,),  Axial temperature distributions and
near-cathode plasma properties are being measured for various cathode designs as a function of currcllt
level, ambient gas pressure and flow rate. ‘1’he objective of these  cxperirncnts  is to provide a databaseof
mcasurcmcnts  for co&parison  with theoretical predictions based on one-dimensional and tw~dimcnsional
heat transfer models of the solid ca.thodc with radiation, convection andplasmashea.th  (arc attachment)
boundary conditions. J1ltllis  paper  dataobtaiIled  witllacylil~drical tlloriatcd-tul~  gstel~catllode  illadiscl]arge
with flowing argon will be presented and compared with 1-1) and 2-D cathode model predictions.

Cathode Model

The cathode model  consists of two parts, namely a near-cathode plasma model and a thermal model of
the cathode. The near-cathode plasma model connects the properties of the main plasma with the cathode.
Specifically, given the plasma properties within  a mean-free-path of the surface, the near-cathode model
prwdicts the heat flux and current density to the cathode surface. With these bouuda]y  conditions and
the traditional thcrma]  transport mechanisms, the thermal model can predict the temperature distribution
within the cathode. Because of tllc interdcpcndcncy  of tl)c two models, they must be solved simultaneously.

Nmr-Catl~odc plasma  Model

An illustration of the near-cathode plasma is shown in l’ig. (1). q’he l)cbye length, rncan free path, aild

Sheath Prcshcath Boundary Iaycrs Main Plasma

IllSolid ‘ I l l I
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I’igurc 1: Near-cathode plasma regions.

thermal, concentration and momentum boundary layers arc represented by LIj,  L.i ancl l,7,,c,~f rcspcctivcly.
For this study, only the surface, sheath, prcsheath  and ionization regions arc modeled. In the main body of
the plasma, the current is predominantly carried by the electrons, while in the sheath region the ion current
may dominate. To match these regions an ionization region (which produces tllc required number of ions
for the sheath region) is required between the sheath and tllc main plasma body. Similarly, a recombination
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region exists at the cathode surface to produce a transition to pure electron conduction in the solid, At the
surface, ions are also converted to neutrals, which then return to the plasma. A complctc  description of each
region model, the overall near-cathode plasma model and sample solutions are given in Refs. [11] and [12].

In general the cathode surface is characterized by the material, the surface finish and the temperature.
For this model, the recombination region is a.ssumcd to l)c infinitesimally thin and is considered as a surface
effect. lncidcnt particles from the sheath heat the surface while emitted particles cool the surface. The energy
balance at the surface balances the energy deposited and removed by the particles with heat conduction into
the solid, and radiative, convective and mass (surface erosion) transport to the surroundings, q’hc surface
heat flux is the net of the energy deposited from the incident ions and plasma electrons, and the energy
removed by the thcrmionic  electrons. ‘1’lIC  incident ions arc recombined and rccmitted as neutrals.

For high cathode temperatures, thermionic emission is the dominant current conduction mechanism
in the near-cathode region [10]. ‘J%crmionic  emission is dcscribcd by the empirical Richardson-Dush  n~an
relation. In addition, the surface electric Jlcld acts  to enhance the emission, a phenomenon known as the
Schottky  effect [13]. q’hc magnitude of the electric field at the cathode surface is primarily determined by
the characteristics of the sheath region.

‘J’hc sheath region is assumed to contain collisionlcss partic]cs  with constant total energy (potential plus
kinetic). l’hrcc  species are considcrcd, namely monocncrgctic  thcrmionic (or beam) electrons, singly charged
monocncrgctic  ions, and Maxwcllian  electrons originating in the plasma [2,4]. Further, the sheath thickness
is assumed to bc much less than the l.armor  radii of the particles, and therefore, magnetic field effects on
the particle trajectories are negligible.

For a stable sheath to occur, the ions must enter  the sllcath  with energies cq~lal to or greater than the
IIohm minimum energy [14]. The ions here arc assumed to enter the sheath with energies equal to the Bohm
minimum energy which is represented as the 1 lohm potential. “J’hc plaslna  electrons are assumed to hc
Maxwcllian  and rcfercnccd to the electron density at the sheath edge. These electrons fall into two classes,
namely those with sufficient kinetic energy to overcome the sheath retarding potential and reach the cathode
surface and those with insufllcicnt  energy that arc rcpcllcd  back to the lnain plasma. ‘J’hc corresponding flux
of the high energy electrons constitutes the plasma electron current. ‘1’he one-dimensional }’oisson  charge
equation is used to describe the electric field and the electric potential

‘JII]c ionization and presheath  regions connect the sheath region with tile main plasma body [9] [13].
q’hc purpose of the preshcath  region is to accelerate the ions so that they enter the sheath region with the
minimum energy required for a stable sheath (Ilohm  energy) [14]. For this model tllc preshcatb  region is
combined with the ionization zone by requiring that ions leave the ionization region with the Bohm energy.
‘1’hc  ionization region generates the required number of ion and electron pairs to match the sheath and main
plasma body values. The number density of the electron and ion pairs that can be produced by ionization
is determined by the energy balance. Siucc only singly charged ions arc considcrcd, the production rates of
the ions and the electrons are equal.

‘J’here arc upper and lower limits  on the number of ion/electron pairs in tllc ionization region. 2’IIc upper
limit on the number of possible ions produced is set by the pressure assuming fully ionized plasma. If this
limit is rcachcd,  the excess energy to the ionization region is assumed to bc dissipated in modes other than
ionization or thermal energy. Similarly, if the plasma is sufflcient,ly ionized already, then a minimum number
of ions exist. ‘J’hat  is, ion/electron pairs produced outside of tllc ionization region arc used. ‘J’hc ionization
fraction represents the num}~er of ions pcr heavy partic]c  (ions plus neutrals). ‘J’hc values for the pressure
and the ionization fraction only affect these limiting conditions and have no effect if t}ic number of ions
produced is governed by the energy ba]ancc.  in other words, if the number density calculated by the energy
balance is lower than the minimum value set by the ionization fraction then tllc value set by the ionization
fraction is used. Similarly, if the number density value from the energy balance is greater than the value set
by the pressure, the value calculated from the pressure is used.
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Mngnctic  Ikssure  Effects

A radial pressure gradient is present across the tip of the cathode due to magnetic “pumping”. !l’he
interaction of the axial current with the induced azimuthal magnetic field produces a inward radial body
force on the pla~na. ‘1’his force must bc counter acted by an increase in pressure to mailitain  equilibrium.
Maxwell’s V x 11 provides the relation for the purc]y azimuthal magnetic field given by

(1)

where  lent is the enclosed current and r is the radial position, The balance between the magnetic “pumping”
and the pressure is given by

jzl)+=–g (2)

where jz is the axial current density. For the special case of constant current density where  lk~t = jz mz,
Eq. (2) can reintegrated to provide

()P= Poi-}’”yr’2 ;’ }10 l~o~ 2

()1  - - - -  =Po+zv 1–:
‘c Yc

(3)

where PO is the pressure at the outer edge of the catl~ode and rc is the cathode radius[]  5]. ‘1’o  determine the
average pressure across the cathode tip segment, I;q. (3) is evaluated at

r--iviz + r.~= —.—
2

(4)

where ri and r. are the inner and outer radii respectively. At this  radial location the inner and outer areas
arc equal. For the case where ri = O, Eq. (3) becomes

~, = ~,. ~ I!ojzzrc’ p. Itot 2

8
=  Po+ — .

gT2rc2 (5)

Tbc tip pressure is therefore dependent on both the current (or current density), and the tip area. For a
given geometry the quadratic increase in pressure with current can significantly change the arc attachment
characteristics. Comparisons of SOIU  tions with and without, the magnetic pressure effect are presented later.

For the case where the current density is not constant across the tip, a different approach is required.
q’hc tip of the cathode can be discretizcd  into a series of concentric rings with a constant current density for
each ring. l+lquation 2 can be integrated for a ring segment to provide

(6)

where li is the enc]oscd current up to tJle inner raclius. I’he second term is the correction for the nonuniform
current density.

Overall  Near-Cktl~odc plasma  Model

q’he surface, sheath and presheath/ion ization  region models arc combined to form tbc overall near-cat hocle
plasma model, ‘llc heat flux and the current density to the surface arc dctcrmincd  for values of the electron
temperature, the cathode temperature, the sheath voltage, the pressure, tllc ionization fraction, the surface
material, and the gas type.

4



q’hc relative values of the ion and plasma electron current arc predominantly detcrmi:ied  by the sheath
voltage. ‘l’he heat flux to the cathode surface increases until the maximum ion number density, which is
set by the pressure in the ionization region , is reached, and then decreases. For cathode temperatures
below the peak, ion and plasma e]cctron heating dominate, while for values above the peak the ion and
plasma electron heat fluxes are approximately constant. q’hcrcfore, the total heat flux decreases because
the thcrmionic  electron cooling effect begins to dominate. It is this set of curves that forms the boundary
conditions for the thermal model. The near-cathode plasma model is most sensitive to the material work
function as expected duc to the exponential nature of the Richardson-Dushman  equation.

‘1’llernml  Model

For a given set of boundary conditions, the thermal model dcscribcs  the temperature distribution within
the cathode. q’here  arc several orders of approximation by which the thermal model can be done ranging from
simple one-dimensional analytical models [16] to complex two-dimensional (axisymmctric)  numerical ones.
A quasi-two-dimensional numerical solution for a cathode which includes radial radiation and convection,
and ohmic heating, for a cylindrical rod with a conical tip is presented in Ref. [12]. While the simple models
do not have the capabilities for solving the problems of interest, they provide useful insights into the so-
lution trends and provide good first approximations for the starting conditions for the more advanced models.

Two-Din~cmsional  Axisymmctric  Finite  Diffcmmcc  Thermal Model

Experimental data suggest that for hfl’1) thrusters the arc attachment may be over a significant, portion
of the exposed surface area [I]. ‘1’llereforc,  the thermal model must be capable of modeling ohmic heating
and arc attachment over a. range of axial positions as WC]]  as the tip. ltxpcrimcntal eviclcncc  shows that the
cathode ccntcr]ine  temperatures significantly excccd the outer tcmpcraturcs for some operating conditions.
q’hc arcjet thruster ca.thodc tip craters have lmcn observed, indicating that melting has occurred on the
ccntcrlinc  [17]. Internal ruptures have also been obscrvccl in NJ]’]>  thruster cathodes [1 6].

This mode] is capable of variable gcomctrics,  tcll~l>craturc-dcI~  clldcllt material properties, and multimode
heat transfer (arc attachment plus radiative and convective transport) at any axial location. Energy and
current balances arc performed on each cell for the two-dimensional model using a finite volume technique.

l’he  energy balance for each cell, as shown in Fig. (2), is given by:

%-l, j + 9i+l,j + 9i,j-1  + 9i,j+l  +- 9“’V01  = 0 (7)

where
,,, _ lZR

q _ .—
dz

(8)

is the heat gcncrat,cd per unit, length by Ohmic hcat,ing, vol is the cell volume, and dz is the CCII length. l’hc
resistance, R, is given by

R = pedz/Ac (9)

where p. is the electrical resistivity  and A. is the ccl] cross-scctiona]  area. The axial heat load, calculated
at the cell wall, is given by

7:+1 –7;
qi+l =  g“i+l Ai+ I N ~t~,i+IAi+I  dz (lo)

where kth is the thermal conductivity. The tcmpcraturc gradient has been discrctized  using the central
diflercncing  technique with a discrctization  error of the order of (dz/2)2  [?]. Since the cell wall temperature
is not nccdcd to calculate the heat flux, this tcchniquc  cffcc.tivcly doubles the number of grid CCIIS  used. ‘1’hat
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Figure 2: Energy inputs for tbe tw~climensional  thermal model.

is, half of the number of cells are required to achieve the same spatial resolution as a direct discretization  of
tbe diflerentia]  equations. Using II;q. (10) for the four wall llcat  fluxes, l;q. (7) can then bc rewritten as

~ih,i-],j Ai-],j , ~th,i+],j Ai+l,j ., kth,i,j–1~i,j-1 ~,, ,_l ,_ ~h,i,j+l Ai,j+l .,
‘li_],j + Ji+l,j + ‘- ~r —Ji,j+l

d.z dz * J Ch’
–  cl; +- q“’vol = o (11)

wllcrc
~ ~ ~th,i-l,jAi-],j  + hh,i+l,jAi+], j , kt~,i,j-1Ai,j-1  + kt~,i,j+lAi,j+l

dz dz dr dr
(12)

For the method of Successive Over Relaxation (SO R), I;q. (] 1 ) is rewritten as

k+] _ ,jp,  ,L! + (w  ~t)ti-lj Ai-],j. ,
1’

~i~,i+],j Ai+l,j ,
$J — $)1 E

~~—li-],j +-

d.z dz
li+],j

)

( ~th,i,j-l Ai,j-17,, ,_l ,  &h,i,j-tl Ai,j+l ~,. .+l _  cl; + 9111VO[
+ — dr t >3 d~ t J )

(13)

I’he heat loads for the exterior cells are determined from tbe plasma model. ‘1’he  temperature value at tbc
“ktb” time-step is Tik, Tik+ 1 is tbc value at tbc next time-step, and w is tbe relaxation cocfllcicnt.  If w
is less than one the calculation is “under-relaxecl” wllilc if w is greater t, ban onc tbe calculation is “ovcr-
rclaxcd”  [?]. An iteration is performed until  the temperature cbangc between consecutive time steps is within
the specified tolerance and the global energy balance is within a specified tolcrancc.  Over-relaxation will
gcneral]y  make the solution converge more quickly by taking larger steps but may also make the calculation
diverge. !l’be computer program is setup to automatically decrease tllc relaxation cocfflcient, if the calculation
diverges more than a specified number of consecutive steps. This technique has proven to be very useful in
maintaining code stability.
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Current conservation is considered for the group of cells at each axial position. q’l]c total current for each
group is given by

VI
Itot z~ji Ac,i+jrOArO+jriAri (14)

i=l

where n is the number  of radial cells. !i’he current is clistribtrtcd  amongst the cells within the group by
considering the CCIIS  as a parallel resistor nctworli where the rcsist,ancc for each CCII is given by Eq. (9).
The current for each cell is given by Ii = V/~ where V is the voltage drop across the group. The voltage

drop is determined by, V = ItOtRtot  where RtOt is the total resistance for the parallel network, and JtOt is
the current leaving the CCII (towards the cathode base). This current value is used to calculated the Ohmic
heating within the cell. For cells with radial current inputs, this will over-predict the amount of Ohmic
heating. However, for a suflciently fine grid spacing, this is effect negligible.

The nonlinearitics  of the thermal equations larger temperature gradients in the tiJJ region than in the
lm.sc region. To increase the accuracy of the discretization  without increasing the number of CCHS and corre-
spondingly increasing the solution time, the cells arc ‘(packed” towards the tip, An algebraic grid generator
that allows the minimum grid spacing to bc placecl anywhere along the cathode. l’hc  transformation consists
of two third order polynomials [19].

Combined Thermal and Plasma Model Solutions

‘1’he  near-cathoclc plasma model and the cathode thcrlna]  model are cornbincd to form an overall model
of the cathode-plasma interaction. Figure (3) SIIOWS the heat flux and surface temperature relations for both
the near-cathode plasma model and the simple heat transfer model (tungsten rod with a 12 mm diameter
and a 65 mm length). Solutions exist at three points; namely, at the origin (trivial solution) and the two
nonzcro  solutions where the curves intersect. Of these, only the high tcmpcraturc (fully ionized) solution
is numcrica]]y  stable. q’hercfore, the value of the pressure is important for this type of discharge and the
energy balance in the ionization region is not necclcd.

““ Plasma Model

1500-
-- 1-D Model (Eq. 12)

%
———— Fin Model (Eq. 13)

g 1ooo-
;.

v.= 10
TC=I.O CV

# 5oo- P= 1000 Pa
a=] O-6
4 = 3.5 ev

‘i,, As= 60JK21cn>2
-500 1 I # I 1 I 1

2000 2400 2800 3200
Surface Temperature (K)

Figure 3: llcat flux as function of surface tclnpcraturc with thermal model solutions.

For the special case where the arc only attaches at the tip a series of solutions can bc reasonably de-
termined. l’or a given set of thermal characteristics for the one-dimensional model, and given the plasma
properties, one can solve for the intercept point, of the one-dimensional thermal model and near-cathoclc
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plasma  mode] for the fully ionized (stable) case, For example, consider the case of zcrc) heat flux to the
surface from the plasma. This special case does not depend on the type of thermal model or on the thermal
model parameters, and therefore provides a good reference point for examining the plasma effects. The
inclusion of the magnetic pressure effect can have a significant aflcct  on the arc characteristics. Figure 4
shows that for a given sheath voltage and current level, the rnagnctic  pressure effect increa.scs  the cathode
tip temperature. Since the magnetic pressure effect increases with current level, the tip temperature also
increases with current level. ‘I’he magnetic “pumping” is forcing the arc into a smaller attachment area. The
current density must therefore increase, which results in an increase in tip temperature because thermionic
emission is the dominant mode. Plots of attachment area as a function of sheath voltage can be seen in
Fig. (5), and as a function of tip temperature in Fig. (6), For these test cases the plasma heat flux to the

3100

3000. — 1000A --- const,  Press.

‘\.

,,oo~
5 10 15 20 25 3()

Sheath Voltage

Figure 4: Cathode temperature as a function of sheatl]  voltage with current as a parameter

surface was set  to zero, the material work function was 3.2 eV, the electron tcmpcrat,ure  was 1.0 cV, the
static pressure was 3000 Pa, and the sheath voltage was 8 volts. As the sheath voltage drops from a high
value, the cathode temperature dccrea.scs  bccausc  the ion energy transferred to the surface is decreasing. The
dccrcasc  in temperature produces a comparable dccreasc  in thcrmionic  current. ‘1’hercfore  the attachment
area must increase to maintain the same total current since jl and jb arc both decreasing. ‘1’he rninimuln
in temperature corresponds to the maximum in attachment area. As the voltage is further decreased the
temperature begins to incrcasc  as the plasma electron heating becomes important. Even t]lough the plasma
c]cctron  current is increasing, the thermionic  current is increasing faster and therefore the attachment area
dccrcascs.  For a given tip temperature, two attachment area values may bc possible corresponding to two
different sheath voltages. q’hc smaller attachment area will have the larger sheath voltage. Also, for a given
attachment area, two temperature solutions may bc }Jossiblc with the smaller temperature corresponding to
the larger voltage.

A series of test cases were performed to compare the twodimcnsion  al and quasi-two-dimensional models
with and without the magnetic pressure effect. The results arc shown in ‘l’able (1). l’llc  quasi-two-dirncnsional
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l’igure5: Arc attachment area as a function ofshcath voltage with currenf,  as a parameter.
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Figure 6: Arc attachment area as a function of cathode temperature with current as a parameter.
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cases were performed using a cathode length of 65 mm and a fixed base temperature of 1500 K. The cylindrical
rod shape with a radius of 4.17 mm and a flat tip was used for all of the cases. q’he radial emissivity was
0.4 with a environmental temperature of 500 K. The pressures reported in the table for the two-dimensional
ca.scs arc the centerline pressure wllilc tbc pressures for the qua.ii-two-dimensional cases the table value is
the average pressure. The tip pressure gradient was assumed to result from a plasma density gradient, and
the electron temperature was assumed to bc constant at 1 eV. q’hc two-dimensional cases were performed
with a shorter cathode length to decrease the the number of cells and therefore decrease the computational
time. A length of 18.86 mm corresponding to a lcngtb  to diameter ratio of 4. The base temperature for
these cases was set to the value calculated for the same position using the quasi-two-dimensional model.

The two models agree reasonably well. The att achmcnt  areas arc comparable and the tip temperature
for the quasi-two-dimensional model is C1OSC to the average value for the two-dimensional mode]. The quasi-
two-d irnensional model therefore provides a good first order approximation. Since tbc computational time
required for the quasi-two-dimensional solutions is significantly less than for the full two-dimensional mode]
(minutes verses hours), it may bc eflcctivcly  used to explore the effects of different parameters. Then the
two-dimensional model can be used to get a detailed description for specific conditions.

Current (A) A r e a  (cmz) ~ (] ’a) q~,nt ( ]{)  g~dge (]{) qtip ( W )
Two-]} imcnsional
Magnetic Press.
600 0.366 4086 2705 2552 372
800 0.445 4565 2727 2604 348
1000 0.496 5347 2758 2637 317
Static Press.
600 0.430 3000 2663 2567 397
800 0.550 3000 2670 2620 368
1000 0.660 3000 2675 2659 331
Quasi-two-Dimensional
Magnetic Press.
600 0.378 3476 2732 827
800 0.446 3717 2754 651
1000 0.497 4005 2774 518
Static Press.
600 0.439 3000 2710 722
800 0.553 3000 2722 526
1000 0.664 3000 2731 382

Table 1: Two-dimensional and quasi-tw~dimcnsional  model comparison results.

A comparison of the tip radial temperature profllcs arc shown in Fig. (7). For the static pressure cases, the
temperature dots not change significantly for different current lCVCIS  or radially across the attachment area..
Outside the attachment area the tcmpcraturc  dccreascs  more rapidly duc to radial cooling. The addition
of the magnetic pressure effect results in a incrcasc  in the temperature and a corresponding decrcasc  in the
attachment area for a specific current lCVC1. “1’l]c radial dccrcasc  in the temperature profiles with the magnetic
pressure is primarily duc to the radial change in pressure. ‘1’he  heat flux and current density are sensitive to
the pressure values in the plasma model for the fully ionized solution [1 1]. ‘1’l]c peak tcmpcrat,ure  for these
plasma  conditions is about 2600 K. l’hc  temperatures within the attacl)mcnt area for all of these cases arc
above this value and therefore, all of these solutions arc on tile fully ionized side of the curve [1 1,12].

Temperature contour plots for the two-d ilncnsional  model with the magnetic pressure effect are shown in
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Figure 9: Measured and calculated axial temperature profiles for low currents.

Fig. (8) for current levels of 600 and 1000 A. l’lle contour shapes are similar for both current levels except
right at the tip. The sharp bend in the 2650 K line in the 600 A case and the 2600 K line in the 1000 A
case SI1OW the edges of the attachment areas. For these conditions, Ohmic heating provides 15 percent of
the total input heat for the 600 A case, and 38 percent, of the total input heat for the 1000 A case.

Comparison with cxpcrimcnts

Experiments to validate the model were performed in the JI’L cathode test facility (C’lT’)[20,21].  Cathode
axial temperature distributions were measured as a function of time at current levels ranging from 600 to
)400 A and an argon mass flow rate of 0.75 g/s for two discharge chamber pressure levels, 2800 I’a (21 Torr)
and ]470 Pa (1 1 Torr).  The temperature as a function of axial distance from tllc tip nlcasured  at 2800 ~’a
is displayed in Figures (9) and (10).

‘1’he  characteristic shape of temperature profiles measured at 1470 l’a is considerably different from that
observed at the higher pressure [20]. A small temperature peak at the tip is followed by either a plateau
in temperature or a second peak located further upstream. The base temperature and the temperature
along the cathode shaft rise much more dramatically with current. This behavior suggests that a transition
between tip attachment and a more diflusc arc attachment triggered by a decrease in pressure is occurring.

Post-test examination of the thoriated-tungsten cathode shows that some process results in a rapid
accumulation of thorium on the cathode {lip. A possible explanation is that thorium rnctal  evaporated from
the cathode is ionized in the discharge and drawn back to the tip by the electric field in the column.

Comparison of Measured and Calculatml  Tcnnpmaturc  Distributions

The model parameters were selected from tl]c best data approximations available. The ambient pressure,
emittancc,  convection coefficient and the Richardson cocfflc.icnt,  for thcrmionic  emission were fixed at 2800 Pa,

12



2800.

2600.

2400.

2200.

2000.

k. — Measured Temperature

Lx, -- Calculated Temperature

\

“’”--

1000 A

I I I
500 1 “o 2“0 3-0 40 (

Distance from Tip (mm)

Figure 10: Measured and calculated axial temperature profiles for high currents.

0.4, 0.O, and 60 A/cm2K 2, respectively. Previous siudies  indicated that a temperature minimum occurs for
a sheath voltage of 7–8 V, so a value of 8 V was used in ibis  study [12]. For the comparison with rneasurcd
profiles, the upstream temperature boundary condition was set equal  to the measured temperature at a
particular location on the shaft. The work function was then varied to match the measurecl tip temperature,
The input and calculated model parameters are shown in ‘l’able (2) and the calculated te]nperature profiles
are plotted in Figures (9) and (10).

The calculated temperature profiles agree remarkably well with the measured distributions for currents of
600 and 800 A, indicating that in this range the temperature can be adequately described by tip attachment
and radiative cooling. For higher current levels, however, the calculated profiles do not match the measured
profiles as well. ‘1’he  observed luminosity profiles in this current range can be interpreted either as having

—
I’arametcr Case 1 Case 2 Case 3 Case 4 Case 5
Current (A)

.——
1400

——
1200 1000 800 600

Work Function (eV) 3.22 3.20 3.22 3.20 3.18
Tip ‘1’emperaturc  (K) 2811 2778 2772 2738 2703
Current Density (A/cn~2) 2276 2047 1809 1629 1458
Attachment Area (cn12) 0.615 0.586 0.553 0.491 0.412
Tip Pressure (Pa) 4393 4028 3704 3451 3237
Effective Work Function (eV) 3.005 2.990 3.014 2.997 2.981

Table  2: hIodcl parameters used ill the comparison with measured temperature profiles.

an unusually bright
“Inight be explained

tip or a sligl~tly darker band extending from 5
by a region of somewhat lower emittance. A

1 3
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brighter tip could result from a higher



emittance due to thorium oxide layers or surface roughness or a true temperature peak due to a more
complex arc attachment or thermal choking in the hemispherical portion of the tip. The slightly convex
form of the measured temperature profiles along the shaft could be due to more resistive heating than the
model calculates or convective cooling by the cold gas injected at the base,  which may play a more important
role at high currents where the base temperature is nigher.

‘1’he  mode] indicates that the work function is approximately constant at 3.2 eV and that increases in
current are accommodated by an increase in the current density and the attachment area. This value of the
work function agrees well with that for bulk thorium on tungsten, which is consistent with the observations
of tliorium  accumulation on the tip. For all five cases the calculated attachment area is less than the cross-
sectiona]  area of the cylinder, so the modeling assumption of tip attachment is internally consistent, The
model also shows that magnetic pinching can substantially increase the average tip pressure and that the
Schottky  effect reduces the work function by about 0.2 eV. q’he fact that the model input values required
to match the observed tip temperatures and the calculated output variables are reasonable lends confidence
to the model. IIowevcr, a number of additional experiments are requirec]  to verify these I)arameters.

Conclusions

Comparisons between the two-dimensional and quasi-two-dimensional models show excellent agreement.
‘1’he  quasi-two-dimensional model provides a good first approximation to the cathode operating characteris-
tics when the arc is attached only at the tip. “1’he increased pressure resulting from the magnetic pressure
effect can significantly affect both the magnitude and the radial c]istribution  of the tip temperature profllcs.
Without the pressure effect the radial temperature profiles renlain  relatively flat and are slightly dependent
on the current level. A comparison between the quasi-tw~dimcnsional  model and experimental data show
excellent agreement for low current levels and only fair agreement at higher current levels. It is not certain
at, this time whether this disagreement is due to errors with the model or due to errors with the temperature
measurements.
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